
,,

I

NATIONALADVISORYCOMMITI’EE
FORAERONAUTICS

TECHNICAL NOTE3260

SMOKE STUDY OF NOZZLE SECONDARY FLOWS IN

A LOW -SPEED TURBINE

By MiltonG. Kofskeyand HubertW. Allen

Lewis FlightPr6pu.lsionLaboratory
Cleveland,Ohio

Washington

November1954

------ ... ... . . . . . . . . ...- . .. .. . ...= .- ...- ,... - -,-. --- . .-.
.,



TECHLIB&YKAFB, NM

q
g

.

.

!.

lMIIllllllFlll
NATIOJWLADVISORYCOMMITTEEFORAEROJUWTICS 0ClbbC142

TKCHITICALI?OTll3260

SMOKESTUDYOFNOZZLESECONDARY

A LOW-SPEEDTURBIl!E
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SUMMARY

FLOWSIN

W.Allen

Smokewasusedtovisualizeboundary-layerandwake
phenomenainthenozzlepassagesofa low-speedturbine,

secondsry-flow
andtheflow

patternswererecordedinbothstillandmotionpictures.Thetwoannu-
larcascadesofturbinenozzleswhichwereusedweredesignedforcon-
stantdischargeanglefromhubtotip,buttheydifferedinbladeshape
andsuction-surfacevelocitydistribution.Cross-channelsecondary
flowsweresimilarforbothcascades,butradial-flowpatternsand
outer-shroudvortexformationdiffered.Thisflowbehaviorat lowair-
speed(7ft/see)agreedwiththatpreviouslyindicatedforthesame
bladesbypressureandflow-anglemeasurementsnearsonicspeed.

Theeffectofa downstreamrotoronnozzlesecondaryflowswasalso
studied.Motionoftherotorbladerowdisturbednozzletrailing-edge
radialflowsatlowrotorspeedsandproducedpulsationsintheradial
flowfromtheoutershroud.At increasedrotorspeedtheamplitudeof
theradial-flowpulsationsdecreased.

Themotionpicturespreparedasa supplementtothisreportmaybe
obtainedonloan-from

Whenfluidinan

NACAHeadquarters,Washington,D.C.

INTRODUCTION

annularcascadeisturned,theresultingmainstream
pressuregradientssxeimposedontheboundarylayersoflow-momentum
fluidonthewallsandblades.Wundsry-layerturningequaltothefree-
streamturningisnotsufficienttobalancetheimposedpressuregradients
andthecentrifugalforcesassociatedwithmotionalonga curvedpath.
Therefore,morethanfree-streamturningofthelow-momentumboundary-
layerfluidresults.

Experimentalinvestigationsofthesedeviationsofflowdirection
inboundarylayersandwakes,heretireferredto assecon- fl~~ me
reportedinreferences1 and2. Theobjectofthesestudieswasto
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clarifythenatureandcausesof suchflowsand
thatpermitsan estimateoftheextentoftheti
tmbineperformance.Inreference1, secondary
intwo-dimensionalcascadesweremappedby such

IUCATN3260
.

topresentinformation
influenceoncascadeand ,.
flowsoflow-speedair
visualizationtechniques

as smokefilamentsandchemicaltraces.Inreference2,whichextended
theworkto turbinenozzlesinannularcascadesatoperationalairspeeds,
similsrpatternswereobtained,withradialflowsaddedinthesethree-
dimensionalcases.Qnaditativepressureandflow-anglemeasurements
downstreamofnozzlerowsindicatedthatcross-passageandradialflows :%
areresponsibleforaccumulationsoflow-momentumboundary-layerfluid “~‘>
thatdisturbflow-angledistributionsandtherebymayaffectsubsequent d
bladerows.

l-v)
Comparisonofbladeswithdifferentsuction-surfacecontours

andvelocityprof~esindicatedthatthesecharacteristicshavean impor-
tantbearingon secondary-floweffects.

h orderto investigatefurtherthistypeofflowbehaviorinannu-
larcascadesofturbinenozzles,currentvisualizationtechniqueswere
appliedto a three-dhensionalcascadeandthesecondary-flowpatterns
wererecordedfordetafledstudyinmotionpictures.Theuseofvery
luwatispeedsisnecessaryforsmokeflowvisualizationinorderto
avoidexcessivedispersionofthesmoke.Interpretationof secondary-
flowphenomenaobservedatlowairspeedsdependssomewhaton comparison

.

withinformationgainedearlierby othermeansathighairspeeds;and,
inturn,low-speedresultsaidininterpretingmeasurementsathighair-
speeds.b addition,visualizationprovidesdetailsdifficultto obtain
inanyotherway.

Inthepresentinvestigation,therefore,motionpicturesof
secondary-flowpatternsasvisualizedby theuseof smokeweremadeat
lowairspeeds.Twoofthessmeannularcascadesofnozzlebladesthat
wereinvestigatedathighatispeeds(ref.2)wereusedin orderto com-
paresmokepatternswithmeasuredlosspatterns.Inaddition,itwas
considereddestiableto obtainan indicationoftheeffectsofa down-
streamrotoronnozzlesecondsryflow.Motionpicturesweremadeof
sucheffectsforrotorbladespeedsofthesameorderofmagnitudeas
theairspeed.used.

Themotionpictureswereprepsredasa supplementto thisreport
andmaybe obtaimedonloanfromlVACAHeadqWtersyWashtigtonyD.C.

APPARATUSANDEmcEmRE

TestUnit

A schematicviewofthetestunitusedintheinvestigationis
showninfigure1. TheoutershroudwasconstructedofLuciteto
facilitatevisualinspectionandphotographyofthesmokeflowpattern
throughtheturbine.Therotorassemblywasmountedonrailsto

.
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provide@ick removaloftherotorforisomtednozzleinvestigations.
Thespeedoftherotor,whichconsistedor 29circular-arcsheetmetal
bladeswithabout98°turning,wascontrolledby a variable-speedelec-
tricmotor.Airtothecascadewassuppliedby thelaboratorycombus-
tionairsystemandwasdischargeddirectlyinto“theroom.

Thesmoketraceswerephotographedby a stillcameraandtwotypes
of16-miIMmet~moviecamera.A nominalfilmspeedof32framesper
secondwasobtainedwitha standardmotion-picturecamera,andnominal
filmspeedsof300to 1000framespersecondwereobtainedwitha high-
speedmotion-picturecamera.Thehigh-speedcameracontainedan in-
ternaltimemarkrthatrecordedtimemarksonthefilmevery1/120
second.Approximatevaluesoffilmspeeds,wheelspeeds,andsmoke
speedscouldbe calculatedfromthesetimemarks.

;
NozzleBlades

y ThetwoconfigurationsinvestigatedaredesignatedblaQesA andB.
g BladeA,whichwasdesignedby thestream-filamentmethod,hasa con-. stantdischargeangleof56°fromaxislandhasa smoothsuction-surface

velocityprofile.Asthestream-filamentmethodappliesonlytothe
portionofthebladesformingthechannel,thebladesweredesi~edto“
dothegreaterpartoftheturningwithinthechannel.Thetrailtig-
edgeportionsofthebladeshavingverylittlecurvaturewerefai.redat
theapproximatedischargeangle.BladeB isa commercial.bladede-
signedfora constantdischargeangleof approximately60°fromaxial.
we bladehasa morebluntleadingedgethanbladeA,theturningbeing
accomplishedovertheentirebladesurfacefromleadingtotrailing
edge.

Suction-surfacevelocityprofilesdeterminedby thestream-filament
methodarepresentedinfigure2 forbothbladeconfigurations.The
methodofdifferencesusedindeterminingcurvaturetendstoreducethe
velocitygradients,sothattheamplitudeoftheactualvelocityvaria-
tionsisundoubtedlygreaterthanthatshownby figure2. Mean-section
bladeshapesforbothconfigurationsareshowninfigure2(b).

Flow-VisualizationMethod

Smokewasproducedbyburningoil-so-d cigarsina forceddraft
ofair. Thismethod,whichisfullydescribedinreference1, issupe-
riorto othermethodsthathavebeenused,becatiethesmokeisnontoxic,
noncorrosive,andeasilygenerated.Therateof smokeproductionand
injectionintotheairstreamwascarefullycontrolledby meansof
settlingbottles,pressureregulators,andbleedssoastomatchclosely
thelocaldirection,velocity,anddensityoftheairstreams.In order

. .—— —— . .————— . ,.
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tominimizedispersionofthesmokeandmaintainsmoketracesintense
enoughforhigh-speedphotography,thenozzleaxialah?velocitywas
keptlow,atappro-tel.y7 feetpersecond.

RESULTSANDDISCUSSION

SecondaryFlowsinIsolatedNozzleCascades

BladeB pattern.- Cross-channelandradialflowsoflow-momentum
airforbladeB me showninfigure3. Smokewasintroducedalongthe
outershroudnearthepressuresideofthebladeandattheinletto the
nozzlecascade.Thecircumferentialpressuredifferencebetweenpres-
sureandsuctionsurfacesresultingfromturninginthebladechannel
causedlow-momentmboundary-layerairto moveacrossthechannelfrom
pressureto suctionsurface.Uponreachingthesuctionsurface,the
low-mometiumah divided,somebeingrolledup ina vortex-likemotion
andsweptdownstream.Theremainderturnedsharplyinwardalongthe
suctionsurfaceatthetrailingedgeandcontributedtotheregionof
low-momentumfluidalongthejunctionofthesuetionsurfaceandthehub.

Figure4 indicatesthat,whensmokeintroductionwassuddenly
stopped,thesmokeinthemainstreamdissipatedquickly,whilesmokeon
thesuctionsurfaceandintheoutershroudandhti1O$Sregionswas
visiblefora longertime. In spiteoftheapparenthighdensityof
smoke,therelativelygreatlengthoftimerequiredfor”completedissi-
pationofsmokeintheradial-flowregion,particularlyintheouter-
shroudandhticores,indicatesnearlystagnantregions.

BladeA pattern.- Thesecondsry-flowphenomenaforbladeA were
in somerespectsiUf’ferentfromthosejustdescribed.Figure5 shows
cross-channelflowintheouter-shroudboundarylayerfrompressure
towardsuctionsurface,whichwasofthesanetypeasthatforbladeB.
As thelow-momentumairapproachedthetrailingedge,however,no large
outer-shroudaccumulationwasobservedaswasshownforbladeB where
thevortexformed.Thesmokeindicateda morerapidradial-flowcompo-
nent,whichinthiscasewaslocatedlargelyinthebladewakeadjacent
tothetrailingedgeinsteadof inthesuetion-surfaceboundarylayer.
Therapidthrough-flowcomponentalongthesuetionsurfaceswepta
greaterpartofthelow-momentumairintothewakefromthebladetrail-
ingedgethanenteredthewakeforbladeB,whiletherestofthelow-
momentumairflowedradiallyintothevortex-likecoreatthehub.

Whenthesmokesourcewasshutoff,thesmokeintheradial-flow
regionalongthetrailingedgedissipatedquickly,butthatinthecore
regionnearthehubremainedvisiblefora relativelylongtime.

I!Xfectofbladecharacteristics.- Thebluntleadingedge,irregular
suction-surfacevelocitydistribution,andsuction-surfacecurvaturenear
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thetrailingedgeofbladeB mightbe expectedto
possiblyseparatedsuction-surfaceboundarylayer
mathforradialflow.Hence,thereseemstobe a

5

causea thickor
thatwouldprotidea
defifiteconnection

~etweenthesebladeshapefe&uresandthesecondary-flowclifferences
betweenbladesA andB. Oneofthesedifferences,whichareshownin
thestillandmotionpictures,isan outer-shroudpassagevortexthat
appearsforbladeB butnotforbladeA. Anotherisa suction-surface
radialflowtothehub,whichismuchmorepronouncedforbladeB. A
thirdisthemorerapiddownstreamflowonthesuctionsurfacefor
bladeA, whichsweepslow-momentumairintothewake,whereasbladeB
hasa lesspronouncedwake.

Measurementsoftotalpressureandresultingkinetic-energyloss
immediatelydownstreamofthesenozzlesarereportedinreference2.
Inorderto comparethelow-speedsmokepatternsreportedheretith
thelosspatternsobtainedinhigh-speedairforreference2,theloss
patternsforthetwobladeconfigurationssreshowninfigure6. These
losspatternsareshownina circumferential-radialplaneas seenlook-
ingdownstreamintothenozzledischarge.Aswasalsoindicatedby the
smokepictures,bladeB hashighlossregionsnearinnerandouter
shroudswithcorrespondingsmalJmagnitudeof lossinthewake. Blade”
A showsno similarouter-shroudlossregionbutindicatesa slightly
higherlossregionneartheinnershroud,witha greaterpercentageof
thelow-momentumairsweptoffintothewake.

Wakephenomena.- Figure7,obtainedfromthelow-speedtests,
showsthatthewakehasthetendencytoforma col~ pattern.The
airappearstobe ro31ingoffthebfidesurfacesina se–tiesofvor-
ticeswhoseaxessreparalleltothebladetrailingedge.Thiseffect
wasobservedforbothbladetypes.

Vortexpatterns.- Figures8(a)and(b)showviem fromdownstream
oftheshroudvorticesforbladeB withsmokeintroducedinshroud
boundarylayersattheleadingedgenearthepressuresurface.These
twovorticesareofthetypefrequentlycalled“passagevortices.”
Figure8(a)showsthevortexthatformsoffthesuctionsurfaceneer
theoutershroud,andfigure8(b)thevortexthatformsoffthesuction
surfacenearthehub. Thishtipassagevortexisofparticularin-
terest,becauseitformsina regionwherethereisa largeaccumulation
oflow-momentumair,includingboundary-layerairfrombothshrouds.
Thesmokemovedfromthepressuresurfaceofonebladetothesuction
surfaceoftheadjacentbladeandrolleduponthesuctionsu&l?ace.The
rotationinthisvortexwasobservedtobe clockwisewhenviewedfrom
downstream.

Figure8(c)showstheresultswhensmokewasintroducedintothe
suction-surfaceboundarylayerattheleadingedgeandatapproximately
blademidheight.As thesmokeapproachedthetrailingedge,itturned

. . ... -—.. —-———- —— .—— — — ..——
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towardthehubintothesuction-surfaceradial-flowpathandrolledw
ina counterclockwisedirection.Figure8(c)indicatesthatthereare
twocounterclockwisevortices,oneabovetheclockwisevortexshwn in
figure8(b)anda verysmalJsecondonebelowtheclockwisevortexin
theextremecornerbetweenbladeandhub. Boththecounterclocm$e
vorticesappearto containlow-momentumairthatresultsfromradial
flowfrompointshigheronthebladesucttonsurfaceaswellas cross-
channelhfiboundary.lqerair;whereas,theclockwisevortexappears
to containonlythecross-channelhtiboundsry-layerair. Thecotii-
nationofvat.icesshowninfigures8(b)and(c)indicatestheextent
ofthehublossregion.

Double boundarylayer.- Thecross-channelcomponentofhub
botidary-la

r
flowthatresultsinthearrayofvorticesoffigures

8(b)and(c maybe anexampleofa “dotile”boundarylayer.This
cross-channel componentcannotbe representedasa boundarylayerhav-
ingvorticityina singledirection,as cana boundarylayerinwhich
thevelocityhasthemainstrefidirection(fig.9(a)),becausethe
cross-channelcomponentofvelocityiszeronotonlyatthehuhbut
alsowhereit joinsthemainstream.However,a “dotilenboundarylayer
withtwooppositelydirectedvorticitiescanrepresentthesituation
(fig.9(b)).V+ewedfromdownstream,thevorticityinthepartofthe
cross-channelboundary-layercomponentnearertothemainstreamwould
be clockwise;thatinthesublayernexttothew~ wO~d be counter-
clockwise.Whentheboundarylayerreachesthesuction-surfacecorner,
theconfluenceof low-momntumfluidfromcross-channelflowandfrom
ratialflowresultsinthedevelopmentofthesevorticitiesintocon-
centratedvortices.Thegeneraldownstreammotionoftheflowfield
thenmakesobsermtionofthevorticespossible,as showninfigures8(b)
and(c). Theclockwisevortexshowninfigure8(b)islargerthanthe
others,ismoreeasilyobserved,andistheonegeneraJ2yreferredto
asa “passagevortex,n Reference3 indicatesthatsub-boundary-layer
thicknessforsucha typical“double”boundarylayerisapproximately
one-sixthofthetotalboundary-layerthickness.Loos(ref.4) dso
discussestransportofvorticityandthicknessofthesublayerfora
“do@le”lsminsrboundarylayer.

m
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Flow-areablockage.- Theeffectofflow-areablockageresultiUg
fromthepresenceofthelossregionnearthehubisshowninfigure10.
Smokewasintroducedatthreec~cuuferentialpositiom,atthehti
aheadofthe-nozzlebladerow,sothatthesmokewouldindicatefree-
streamflowastheprobewasmovedcirc~erentially.Nesrtheblade
pressuresurface(fig.10(a))thesmokepatterniridicatedthepresence
ofno appreciableaccumulationoflow-momentumati. Figure10(b)shows
that,whenthesmokewasintroducednearthesuctionsurface,the
patternmovedawayfromtheh@. Finally(fig.1O(C)),thesmokepassed

.

overthevortexregioninthecornerbetweenthehtiandsuctionsurface,
indicatingthatthelow-momentumairinthehublossregionactsas a
constrictioninthepassage.Disturbanceofthemainstreampatterninthe

. . -: .
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vicinityofthishublossregionwasreflectedinthenozzledischarge-
anglegradientsmeasuredathighairvelocitiesinreference2. Thus,
althoughthefractionofflowareainvolvedissmall,theremaybe ap-
preciableeffectsondownstreambladerowperformancedueto these
changesinflowvelocity.

Effectofa DownstreamRotor

Theeffectsonthenozzlesecondary-flowpatternproducedbymo-
0!N tionofa downstreamrotorbladerowwerephotographedforeachofthe
ma twonozzlebladedesignsattworotorspeeds.Thefollowingtable

givestheresultingrotorbladeangleofincidenceatmeanradiusand
theratioofrotorspeedto axialairspeedatthemeanradiusforeach

.

r

oftheconditionsstudied:

F

A 0.2
.9

B 0.2
.9

+10
-12

+14
-3 I

Speedmeasurementswererough,anddatainthetablesrepresentedas
order-of-magnitudevalues.

A changeinthecircumferentialpositionof a downstreamrotor ‘
bladewithrespectto a nozzleblademeansa changeinthepositionof
thepressurepatternacrosstherotorpassageinletrelativetothe
nozzletrailingedge.At lowairspeeds,theeffectofthispressure-
patternmovementmightreasonablybeexpectedto extendupstreamasfar
asthenozzletrailingedgeswithappreciableamplitude.Theresulting
effectonnozzlesecondary-flowpaths(wakesandthickenedboundary
layers)mayvaryfroman increaseinlocalpressureandincreasedflow-
paththicknessto a decreaseinlocalpressureandreducedflow-path
thickness.Onerotorpositionmight,then,be expectedtoresultin
an increaseinradialflowandanotherina decreaseinradialflow.

FornozzlebladeA,figuresn(a) and(b)showradialflowsgreat-
erandless,respectively,thanthatfortheisolatednozzlecascade,
causedby twodifferentpositionsofanadjacentstationaryrotorblade.
Figure12 showsthiseffectonnozzlebladeB, forwhichthereappears
inno casea radialflowgreaterthanthatwhichoccurswiththeiso- -
latednozzlecascade.

A rotormovingsothatthespeedratiowas0.2causeda pulsation
ofthenozzleradialflow.Forthisspeedratioandbladesetting,the

.
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rotorbladeincidenceanglewas+10°forbladeA and+14°forbladeB.
Otherbladesettingsmightresultinrotorpassageinletpressuredis-
tribtiionssufficientlydifferentto causedifferentmagnitudesof
rotoreffectonnozzlerat@lflow.

At a speedratioof0.9,thenozzleradialflowa~earedtobe
limitedby theshortdurationoftheportionofthepressuredisturb-
anceforwhichnoticableradial-flowpathsexisted.Thatis,periodi-
callJ.y,beforetheslow-movingradial-flowairhadtraversedanappre-
ciabledistance,theradial-flow-pathcross-sectionalareamayhave
beenconstrictedby thepressurechange.It shouldbe remmiberedthat
theeffectobservedphotographicallyisonlythatpertainingto low-
momentumairoriginatingneartheoutershroud,sincethesmokeentry
wasatthatpointandthereforetracedoutonlythatpartofflow.
However,itappearsthat,forbladeboundary-layerairenteringthe
radial-flowpathsatanyotherradius,therelativelyrapidrotormove-
mentwouldtendto limittheradialdistanceoftravelofsuchairbe-
foreitis sweptdownstreaminthenozzlewake.

At theairspeedsusedinturbineoperation,itcannotbe assumed
thatrotoreffectsonnozzleradialflowwouldhavethemagnitudes
shownforthelowairspeedofthisinvestigation.Forsubsonicaxial
airspeeds,theapproachofa pressurepeaklocatedneartherotor
leadingedgetowarda givennozzlewouldbe feltatthenozzleas a
pressureincrease,theamplitudeofwhichmightbe expectedto depend
uponthefollowingfactors:

(1)Amplitudeofthedisturbanceat itsorigin,whichmightbe
~eaterforhigherairspeeds

(2)Rateofreductioninamplitudewithdistancetraveledupstream
fromtherotor,whichmightinturndependontheairspeed

(3)Turbulenceintheairthroughwhichthedisturbancetravels,
whichwouldtendto smoothoutpressurepeaks

In anactualturbine,therefore,suchpressurevariationsmay
affectnozzlesecondaryflows,ormayexistwithamplitudestoosmall
toaffectnozzlesecondsryflowsa~reciablyortobe detectedby a
pressure-sensitiveprobe.

SUMMARYOFRESULTS

Thefollowingresultswereobtainedfroma visualandphotographic
studyofthesmokepatternsof secondaryflowintwocascadesoftur-
binenozzles.Bothstillandmotionpictureswereused,andairspeed
waskeptlow.

m
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1.Thesmokeshowedsecondary-flowpatternssimilarto thoseindi-
catedby kinetic%nergylossdistributionsbasedonpressureandflow-
anglemeasurementsofthesetwonozzleconfigurationsatI@h airspeeds.

2.Secondsry.flowpatternsvisualizedby smokeagreewithloss
distributionsfrompreviouspressureandanglemeasurementsinindi-
catingthatbladeshapeandsuction-surfacevelocityprofilehavecon-
siderableeffectonthesecondary-flowpatterninturbinenozzles.
Smokepatternsindicatedthat,forthepoorerprofileblade,thegreat-
erportionof inwardradialtransportoflow-momentumfluidtookplace
alongthesuctionsurfacenearthetrailingedgeandreachedthehub.
Fortheotherbladeprofile,however,theinwardradialtransportoflow-
momentumairtookplacemainlyinthewakeatthetrailingedgeofthe
blade,anda largeportionofthelow-momentumairwassweptdownstream
inthebladewakeduringradialtransport.

3.A low-speedrotatingbladerowdownstreamofanarm- cas-
cadeofnozzlebladesproduceda periodicdisturbanceofradialsec-
ondaryflowswhichexistinthenozzletraCling-edgeregion.The
effectmaybe duetopressurefluctuationsassociatedwiththemoving
rotor.Fortheairspeedused,an increaseinrotorspeedresultedin
an increasedfreqyency ofdisturbancethatpreventedtheouter-shroud
boundary-layerairenteringtheradial-flowregionfrommovinganap-
preciabledistancetowsrdthehti. It isexpectedthatairentering
theradial-flowpathfromthesuetion-surfaceboundarylayerwouldbe
affectedinthesameway. Thiseffectmayexistinsomeformalsoat
actualturbineoperatingconditions.

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,August2,1954
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(a)Smokeenter@pasaagecontinuously.

(b)About0.I.5secondaftersmoke
iscutoff. Innerandouter
shroudcoresvisible.

c-3&417
(c) About0.45secondaftersmokeis
cutoff. Novisibletraceofsmoke
remdning.

Figure4.- Retentionofa’mkeinlossregionsforbkde B. .
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(a)Cross-channelflow.

(b)Radial
C-36418

flow.

Figure5.- SecondaryflowsforbladeA.
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Figure7. - ColumnarwakeflowforbladeA.
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(b)ClocWse roll-upon suc-
tionsurfaceat hubfor
bladeB.

C-3EA20

(c)Ccnmterclockwisevortices
at hubforbladeB.

Fiw 8. - BladeB lossregions.

(a)Outer-shroudvortexfrom
‘ downstreamforbladeB.
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frcmhub

(a)Ccmrponentofboundarybyer inmainstreamdirection.

Cross-channelvelooity

(1)Cross-channelcomyonentofboubdarylayer.

Figure9.- Boundary-layervorticitiesandvelocity
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(a)Streamlines nearpresmme
smface.

(b)Streamlinesinmidpassage.
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(c)Streamlinesnearsuction
surface.

Figure10.- Ikvlationofmainflowstreamlinesdueto accumulationof
low-momentumair.
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(a)First rotor position. (b) Second rotor ~sitlon.
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Ylgure 11. - Effect of rotorblade positionon radial flow for nozzleblade A,
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(8) Fir* rotor p.9ition. (b) Seoondrotorposition.

Figure 12. - IMfect of rotorblade positionon radialflow for nozzleblade B.
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